River floods are natural disasters that affect millions of people every year. In addition, vast areas of floodplains used for cattle farming are inundated annually, and animals often drown. Depending on the floodplain characteristics, the floods can last for several days or even months. Even if the water depth is not sufficient to drown cattle, the long exposure to flood water may cause diseases. Thus, it is important to define safe zones and to identify safe routes for cattle to reach such zones. This study proposes flood evacuation zones for cattle in the Llanuras de Mojos (in the Bolivian Amazonia), based on the results of a two-dimensional flood simulation using a flood inundation model. Flood simulations provided the daily variation in the extent and depth of flooding. These results enabled flood hazard zones to be defined for cattle on different days. It was found that the left margin of the Mamore River was the most hazardous zone, with flood depths that were likely to drown cattle. The best evacuation route was identified as the right bank of the Mamore River located on the northern edge of the city of Trinidad.
INTRODUCTION
Flood disasters affect more people than any other natural hazard 1) . Flooding is defined as the process whereby land that is usually dry is covered by water for some time. Floods can be divided into different types, according to their characteristics. One specific type is the riverine flood. A riverine flood is a recurring event in streams that is expected to occur more than once every 2.33 years 2) . Flood events pose a hazard to society and cause large economic losses. All of the criteria for estimating the degree of flood hazard focus on how the flood water affects stability 3), 4) . However, in riverine flood events the flood usually lasts for several days or weeks, and the flood duration may also play an important role in determining the level of hazard. Although not deadly, ponding water provides a habitat for several kinds of bacteria and other disease transmitters.
Riverine flood events affect not only people, but also land and animals. The Llanuras de Mojos in the Bolivian Amazonia is a vast floodplain used for cattle farming. During flood events, several thousand cattle may drown. For example, a flood in 2014 drowned more than 100,000 cattle 5) . Due to the long duration of such floods, surviving cattle can be affected by diseases such as leptospirosis and foot rot. Although these diseases are not fatal, the health of the cattle is severely damaged, with an associated loss of weight, resulting in economic losses. If cattle could be evacuated in time, many could be saved and diseases could be avoided. However, cattle cannot be evacuated unless safety zones are defined. Therefore, it is important to understand the flood dynamics to define current and future safety zones. Then it will be possible to define when and where to lead cattle to during an evacuation.
In the present study, we estimated the flood hazard to cattle in the Llanuras de Mojos considering the variation in flooding over time, and developed evacuation routes for cattle to reach safe zones. A flood event was simulated using the two-dimensional (2D) hydrodynamic model MIKE21 to obtain the extent and depth of flooding every day. The simulated floods enabled flood hazard zones to be defined on different days. Areas where the flood
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depth was not sufficient to drown cattle were analysed considering the flood duration, to determine if they posed a hazard to cattle health.
STUDY AREA AND DATA
We simulated the 2014 flood event for the Mamore River in the Bolivian Amazonia, in the centre of South America (Fig.1 ). This floodplain, also known as the Llanuras de Mojos, is located between latitudes 12.0°S and 17.0°S, and longitudes 62.5°W and 67.0°W in the state of Beni. In this region, the Mamore River has a meandering channel, with a sinuosity index varying between 1.3 and 1.5. The river has a bank width of about 1 km, with depths between 10 m and 18 m. The river cross-section is almost rectangular. Considering its sinuosity, flat slope, and rectangular cross-section, the river can be classified as type F according to the Rosgen classification 6) . The meandering belt is about 6 km long and is about six times the bank width 7) . The main cities in the region are Trinidad and San Javier. Most of the area is a vast floodplain used for cattle farming. Cattle farming is the most important industry of Beni, which is the most important cattle state in Bolivia, housing about 42% of the total Bolivian cattle herd 8) . The floodplains of the Mamore River have a flat topography with a slope lower than 0.1 m km -1 , and are covered by grassland and open broadleaved evergreens. The floodplains are prone to floods due to endogenic or exogenic processes or a combination of both 9) . The 2014 flood was caused by a combination of exogenic and endogenic processes: intense rainfall in the upstream basins that caused the river water level to rise, and intense precipitation over the plains that led to ponding water and rising groundwater. The Flood Observatory project conducts daily monitoring of the Mamore River discharge and the extent of flooding 10) . The flood events in this area affect not only people but also cattle. The 2014 flood event drowned about 100,000 cattle 5) . The 2014 flood event was among the worst ever recorded, together with the flood events of 2007 and 2008 (Fig. 2) .
METHODOLOGY (1) Hydraulic modelling
The hydraulic conditions of the Mamore River flood were simulated using the 2D model MIKE21. MIKE21 is one of the most popular 2D hydraulic models and has been used in many studies. The model solves the equations of conservation of mass and momentum integrated over water depth (vertically homogeneous), so describing the variation in water level and flow 11) . , C is the Chezy resistance, g is the acceleration due to gravity (m s -2 ), τ is the shear stress (Pa), t is the time (s), ρ is the density of water (kg m -3 ), and Pa is the atmospheric pressure (Pa). The model simulated the flood until the end of February considering the daily river discharge from the Flood Observatory 10) . The physical conditions of the river and the floodplain (bathymetry) were obtained from the shuttle radar topography mission (SRTM) digital elevation model (DEM). The DEM covered an area of 5,510 km 2 including the cities of Trinidad and Santa Javier along with a vast floodplain of non-urbanized area used for cattle farming. Two roughness values were considered, one for the main river channel and the other for the floodplain. The roughness values were based on a previous calibration of a one-dimensional model 12) . The grid cell size of the DEM (90 m) was also important for defining the time step according to the Courant Friedrich Lewy number.
where Δx is the grid cell size (m), Δt is the time step (s), c is the celerity, Y is the flow depth (m), and g is the acceleration due to gravity (m s -2 ). The critical time step of 15 s was selected by considering the maximum depth registered at Los Puentes station (12.2 m). The study simulated the flood between February 02, 2014, and March 02, 2015, considering the discharge observed at Los Puentes (Flood Observatory 2015). The flood hydrograph (Fig.2) was used as the upstream boundary condition.
(2) Flood hazard to cattle
Flood hazard in terms of loss of life is based on the concept of a resistive body to flood 4) . This resistance is the product of the mass and height compared to the depth and velocity product, to consider the toppling moment of water depth and the sliding drag force. The cattle in the region are of the Nelore breed, which can easily weigh more than 450 kg 13), 14) , and therefore the only hazard is when the water reaches the rump height. A water depth of 1.45 m was assumed to be the drowning threshold depth, as this is the average rump height of Nelore cattle 14) . Although the water may not reach the drowning depth, because a flood can last for several days, ponding water can provide the habitat for diseases, such as leptospirosis and foot rot. Thus, other hazard categories were considered for water depths not deep enough to drown cattle but persistent enough to develop leptospirosis and foot rot. The threshold time was estimated considering the incubation period of these diseases. Leptospirosis is a bacterial infectious disease caused by the genus Leptospira, which has an incubation period between 2 days and 10 days and a septicaemic phase of 8 days 15) . Foot rot is caused by Fusubacterium necrophorum, which has an incubation period between 8 and 10 days 16),17) . Thus, two more hazard categories were assumed considering flood durations of 10 and 20 days. Table  1 summarizes the five hazard categories. Hazard categories are numbered from C1 to C5. A low hazard means that cattle will not drown and are very unlikely to experience health problems, with the duration of the flood being shorter than the disease incubation period. A medium hazard means that the cattle will not drown but they may experience health problems, due to the flood duration being longer than the incubation period of the causative agents of the diseases considered. A high hazard means that cattle may experience severe health problems including septicemia. An extreme hazard means that cattle will drown. 
RESULTS
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where A is the number of correctly simulated flood cells, B is the number of overpredicted flood cells, and C is the number of underpredicted flood cells. The simulated flood had a good correlation with the observed flood. The difference between the observed and simulated flood was about 15.6% and the measure of fit F was 0.66 ( Table 2) . Most of the flooded area was located on the left margin of the Mamore River. The city of Trinidad was not flooded, but was surrounded by flooded areas, whereas the city of San Javier was flooded. Neither the observed nor simulated extent of the flood indicated flooding in the meandering belt. This is because water overflows at points where the meander is close to the meander belt limit; thus, water flows directly into the floodplain. It is important to note that the meandering belt does not necessarily routinely flood, but is rather part of the floodplain, across which the river shifts its channel. (2) Hazard to cattle Because floods can last for several days, to determine the location of safe evacuation zones for cattle, it is important to consider the level of hazard on different days. Because 10 days is the threshold for the development of hazards to health, flood maps were developed for every 10 days and analysed. Fig.5 shows the flood hazard on three dates: February 12, February 22, and March 02. By February 12, most of the floodplain located on the left margin of the Mamore River already had extremely hazardous water depths that could drown cattle. Only the area of the plain in the upper left corner had lower depths. On the right margin of the Mamore River, the area near San Javier and in the south of Trinidad had a low hazard level. However, some 15 km north of Trinidad there was a small area categorized as having an extreme hazard, where it was possible for cattle to drown. By February 22, there was an increase in the flooded area in the plain on the right bank of the Mamore River. There was an area 20 km long and 6 km wide between Trinidad and San Javier with high risk flood depths (black oval in Fig.5 ). To the north of San Javier city, there was an area of 25 km × 8 km, with shallow flow depths. Although the city of Trinidad was surrounded by flood water, the water level was not too deep and the area could still be used to provide evacuation routes. By March 02, there was little change in the extent of the flood, although there were important changes in the depth of the flood water. South of Trinidad, the flooded area became extremely hazardous, with water depths that could drown cattle. The flooded area to the north of Trinidad could still be used as an evacuation route. 6 shows the evacuation zones on the day when flooding reached its maximum extent. Most of the plain on the left bank of the Mamore River was an extremely hazardous area, with water depths greater than 1.45 m. The best evacuation route for cattle on the left margin of the Mamore River depended on their initial location. For cattle located south of latitude 14.65°S, the best option was to move them towards the south. For cattle located north of latitude 14.65°S, the best option was to move them northeast until they reached the safe zone defined by coordinates 14.45°S 65.07°W (point A) and 14.28°S 65.19°W (point B). For cattle located on the right bank of the Mamore River, the best option was to move them east until they reached the safe zone at longitude 64.87°W. Considering that cattle can walk at an average velocity of 2 km h -1 over muddy soil 19) , cattle on the right bank of the Mamore River could be evacuated in about 1 or 2 days, while the cattle on the left bank would require at least 6 days to reach the safe zone. The water surrounding the city of Trinidad had two different characteristics on either side of by latitude 14.82°S. South of this latitude the water depth was sufficient to drown cattle, while to the north of this latitude there was a 12 km strip where the flood water was not deep enough to drown cattle. This strip of land could be used as an evacuation route. The area between the Mamore River and the flooded area north of Trinidad was not flooded and could be considered a safe area. However, it is located within the meandering belt of the Mamore River. The combination of this model with the forecasted discharge will allow the estimation of hazard zones before any hazard is present. Hence, cattle can be evacuated before flooding occurs. 
CONCLUSIONS
The flood hazard to cattle in the Llanuras the Mojos was estimated based on the results a 2D numerical simulation using the MIKE21 model. The extent and depth of the flood changed every day. Because of the low flood flow velocity, velocity did not play an important role in the determination of flood hazard to cattle. Due to the physical characteristics of the cattle (Nelore cattle, weighing about 450 kg), the direct hazard to cattle occurred when the flood reached a depth that could drown them (i.e., deeper than 1.45 m).
Although flood depths shallower than 1.45 m may not pose a drowning threat to cattle, the long duration of the flood may pose a hazard to the animals' health. Cattle standing in flood waters over a long time may contract diseases such as leptospirosis and foot rot.
The left bank of the Mamore River was the most hazardous area. The water depth quickly reached an extremely hazardous level that could drown the cattle. The most hazardous area on the right bank of the Mamore River was located some 15 km south of San Javier. The southern edge of Trinidad posed more of a hazard than the northern edge of Trinidad.
On the left bank of the Mamore River there were two suggested evacuation routes on either side of latitude 14.65°S. To the south of this latitude, the evacuation was toward the south, while to the north of this latitude the evacuation was toward the northeast. On the right margin of the Mamore River the safety zone was located east of the longitude 64.87° W.
The numerical simulation proved to be a useful tool for determining flood evacuation zones. The results presented here will be useful for planning cattle evacuations in future flood events. For example, combining the present model with the forecasted discharge will allow one to estimate flood hazard zones before a flood occurs.
